INTRODUCTION
Severe burns are associated with a persistent hypermetabolic response characterized by hyperdynamic circulation and increased circulating levels of catabolic hormones such as catecholamines, glucagon, and cortisol 1 . High energy expenditures are met by heightened energy substrate release from available protein and fat stores. Protein breakdown is primarily from active muscle tissue, which leads to a loss of lean body mass and severe muscle wasting. This muscle wasting leaves severely burned patients with insufficient strength to recover from their injuries in a timely fashion.
Previous studies in severely burned patients showed that nutritional support 2 and pharmacologic intervention with anabolic agents such as growth hormone and insulin abrogated muscle wasting. Growth hormone was shown to improve wholebody and isolated limb net protein synthesis in severely burned children 3 . Chronic insulin infusion produced similar improvements in net protein synthesis and fractional synthetic rate (FSR) in isolated limbs of severely burned adults 4, 5 . The use of anabolic agents, however, has several adverse side effects, notably hyperglycemia associated with growth hormone 6, 7 and hypoglycemia associated with insulin, in which exogenous glucose well above calculated caloric needs was sometimes required 4 . Growth hormone was further shown to increase the mortality rate in critically ill non-burned adults 8 , an effect not seen in severely burned children 6 .
Many of the effects of growth hormone are mediated through insulin-like growth factor-1 (IGF-1). IGF-1 alone has been infused in burned adults with improvements in protein kinetics identified, but at the effective dose, hypoglycemia occurred 9 . The purpose of this study was to determine the effects of a new recombinant compound of IGF-1 complexed with its principal binding protein, IGF binding protein-3, on skeletal muscle metabolism in children during the hypermetabolic phase of a severe burn. We hypothesized that IGF-1/IGFBP-3 administration would improve net protein balance in the muscle of fed children who were catabolic after severe burn without the side effects often noted with other anabolic agents. We further postulated that the improvement in net protein balance is mediated through an increase in muscle protein synthesis.
MATERIAL AND METHODS
Twenty-nine severely burned children were prospectively studied to determine the effects of IGF-1/IGFBP-3 on skeletal muscle during recovery from burn injury. Patients younger than 15 years of age with >40% total body surface area (TBSA) burn without evidence of organ failure admitted to our hospital within 20 days of injury were enrolled. Informed consent in accordance with the Institutional Review Board of the University of Texas Medical Branch at Galveston was obtained from all patients and/or parents.
Each patient was studied during the acute hospital stay after injury in the Shriners Burns Hospital-Galveston. Resuscitation given immediately after burn was guided by the Galveston formula of 5000 cc/m 2 TBSA burned + 2000 cc/m 2 TBSA lactated Ringer's solution given in increments over the first 24 hours. Within 48 hours of admission, all patients underwent total burn wound excision and the wounds were closed with available autograft skin and allograft for the remaining open areas. Patients returned to the operating room when autograft donor sites healed and become available for reharvest. Sequential staged surgical procedures for repeat excision and grafting were undertaken until the wounds were 95% healed.
Study Design
After one of the sequenced surgical procedures, patients were studied without drug to determine baseline protein metabolism. On the fifth postoperative day, net phenylalaline balance across the leg and FSR of skeletal muscle protein were measured. Arteriovenous glucose differences were used to determine glucose uptake, and indirect calorimetry was performed to determine any changes in substrate utilization. When the donor sites healed at 5 to 10 days, patients returned to the operating room for another excision and grafting procedure. After this next procedure, patients were randomized to treatment with continuous intravenous IGF-1/IGFBP-3 at 0.5, 1.0, 2.0, or 4.0 mg/kg/day for 5 days. Another group served as time controls and received a second period of 0.9% NaCl. A second series of studies were repeated on
Figure 1
Experimental design of stable isotope infusion protocol. The upper line depicts the study time periods. The lower line shows the stable isotopic infusion study design. postoperative day 5 of the later surgical procedure to determine any differences with IGF-1/IGFBP-3 treatment or time ( Figure 1 ).
All patients received nasoduodenal feedings with Vivonex TEN (Sandoz Nutrition, Minneapolis, MN), an elemental formula containing 82.3% carbohydrate, 3% fat (linoleic acid), and 14.7% protein. Caloric intake was given at a rate calculated to deliver 1500 kcal/m 2 TBSA burned + 1500 kcal/m 2 TBSA. This feeding regimen was started at admission and continued at a constant rate until the wounds were 95% healed. Caloric intake was kept constant throughout the study periods.
Patients were at bed rest after excision and grafting procedures for 5 days. After this, patients ambulated daily until the next excision and grafting procedure. Patients were treated in an identical fashion in terms of mobilization and rehabilitation in both study periods.
IGF-1/IGFBP-3
The rhIGF-1/IGFBP-3 complex was provided by Celtrix Pharmaceuticals. Inc. (Santa Clara. CA) in a 1:1 molar ratio of rhIGF-1 to rhIGFBP-3 corresponding to the naturally occurring protein complex purified by cation exchange column chromatography. Infusions were prepared from frozen vials containing 10.8 ml rhIGF-1/ IGFBP-3 (10mg/ml) in sterile buffered solutions with 50 mM sodium acetate and 105 mM sodium chloride at pH 5.5. Infusions were started at 8 AM the day after staged excision and grafting of the burn wound and continued until the donor sites had healed.
Stable Isotope Infusion Protocol
On postoperative day 5, 3 F 8-cm single lumen catheters were inserted into the femoral artery and vein in the study leg and into the subclavian vein using intravenous sedation and local anesthesia. Catheters were used for blood sampling to determine the arteriovenous balance of phenylalanine and glucose across the leg and leg blood flow. The subclavian central venous catheter was used for systemic blood sampling and infusion of stable isotopes.
Baseline blood samples were obtained for background amino acid enrichment and systemic indocyanine green concentrations. A primed constant infusion of L-[ring-2H5]-phenilalaline was given through the subclavian central venous catheter for 5 hours, using a priming dose of 2 mmol/kg/min. Vastus lateralis muscle biopsies were taken from the study leg at 2 and 5 hours into the study. These biopsies were performed using a Bergstrom needle (Depuy, Chicago, IL) attached to a suction device. Samples were immediately blotted dry and snap-frozen in liquid nitrogen for storage at -70 0 C. Between hours 3 and 4, leg blood flow was determined by indocyanine green infusion into the femoral artery. Blood samples from the femoral and subclavian veins were taken for this determination. Between hours 4 and 5, blood samples were obtained from the femoral artery and vein to determine arteriovenous phenylalanine concentration differences across the leg. After the last muscle biopsy, the stable isotope infusion was stopped. Catheters were left in place for use at the next excision and grafting operation ( Figure 1 ).
Net Phenylalanine Balance
Sample concentrations of whole-blood total phenylalanine were determine by the internal standard approach 10 . Briefly, 1-ml whole blood samples were collected in ice-cold tubes containing sulfosalicylic acid and a known amount of internal standard solution (L-[ring-13C6]-phenylalanine at 30mmol/L). Amino acids in the supernatant were isolated in cation exchange column and processed for the n-acetyl, npropyl ester derivatives of amino acids. Isotope enrichment was measured on a Hewlett-Packard 5989B gas chromatograph/mass spectrometer (Hewlett-Packard, Palo Alto, CA) with chemical ionization. Ions were selectively monitored at massto-charge ratios 250 to 255 and 256 for phenylalanine. The values of phenylalanine enrichment were used to calculate the phenylalanine concentration in the blood.
Net balance of blood free phenylalanine across the leg was determine using the Fick principle:
Net balance = ([Ca -Cv] x BF) / 100 ml leg volume
where Ca is the concentration of phenylalanine in the arterial blood, Cv is the concentration of phenylalanine in the venous blood from the same leg, and BF is leg blood flow. Leg volume was determined independently by a nomogram related to circumference and length measures at defined anatomic sites on the leg. This allowed us to index our results to body volume.
Fractional Synthetic Rate
FSR in the vastus lateralis muscle was determined by measuring incorporation of labeled phenylalanine into the protein-bound portion of the muscle 11 . Muscle samples were weighed and precipitated with perchloric acid. The tissue was homogenized with separation of the supernatant and bound protein by centrifugation and ethanol washes. Enrichment of intracellular phenylalanine was measured using the gas chromatograph/mass spectrometer with the same derivatives and ionization techniques described above. The muscle pellet was washed, dried, and then hydrolyzed in 6N HCl. Amino acids were collected in cation exchange columns. Phenylalanine enrichment was determine using hydrogen bromide derivatives and chemical ionization in an MD-800 gas chromatograph/mass spectrometer (Finnigan, San Jose, CA). Ions were selectively monitored at mass-to-charge ratios 407 and 409.
FSR were calculated using the following formula:
where Ep1 and Ep2 are the enrichments of the bound protein amino acids at 2 and 5 hours respectively, Em represents the average intracellular enrichment of the 2-and 5-hour samples, and t is the time in minutes between samples.
Leg Blood Flow
During hour 3 of the stable isotope infusion, indocyanine green was infused through the femoral artery catheter at 0.5 mg/min. Blood samples were simultaneously obtained from the femoral vein and subclavian vein for determination of leg blood flow. Serum was analyzed by spectrophotometry (Beckman, Palo Alto, CA) at 805 nm to determine the indocyanine green concentrations. Blood flow was determined using the Fick principle. Four blood flow determinations 5 minutes apart were averaged.
Serum Hormone Measurements
Serum was collected on postoperative day 5 for measurement of IGF-1, IGFBP-3, growth hormone, and insulin just before the stable isotope studies. Levels were measured by radioimmunoassay (Endocrine Sciences, Calabasas Hills, CA)
Net Glucose Balance
Arteriovenous glucose concentration differences were measured and used to calculate glucose uptake across the leg. Serum glucose concentrations were measured from the femoral artery and vein with each sampling from 4 to 5 hours. Glucose levels were determined on a Stat 5 Analyzer (Nova Biomedical, Waltham, MA) with the average of four values reported as the concentration over the sampling hour.
Indirect Calorimetry
Resting energy expenditure and respiratory quotient were calculated from O2 and CO2 concentrations in expired gases. A metabolic cart calorimeter (Sensormedics, Yorba Linda, CA) and standard equations were used.
Statistical Analysis
Demographic comparisons between groups were made using one-way analysis of variance. Ordinal data between groups were compared using chi square or Fisher's exact test. Serum levels were tested for significant differences with Kruskal-Wallis one-way analysis of variance on ranks, with Dunn's method of multiple comparisons versus the control group. The comparison of phenylalanine balance and FSR for the effects of IGF-1/IGFBP-3 in the treatment groups, and in the controlcontrol group, were made a priori by the paired one-tailed t test because previous studies in burned patients with stimulated serum IGF-1 levels have demonstrated anabolic effects 3, 9 , and there are no reports of IGF-1-induced catabolism. Further analyses within and between groups were made by paired and unpaired two-tailed ttests. Significance was accepted at p<0.05. data are presented as means ± SEM. 
RESULTS

Patient Demographics
Patient demographics are depicted in table 1. No differences between control or treatment groups could be shown for age, sex, burn size, or time of study after burn. The mean age of all enrolled children was 5 ± 1 years, with burn sizes of 61 ± 4 % TBSA.
Serum Response to Different Doses of IGF-1/IGFBP-3
Serum IGF-1 levels increased significantly with the infusion of IGF-1/IGFBP-3 (p<0.05 for 1,2, and 4 mg/kg/day vs. Control; Fig.2 ), but not at 0.5 mg/kg/day. IGFBP-3 levels increased with the 4.0 mg/kg/day dose (p<0.05). Doses > 1.0 mg/kg induced no further increases in serum concentrations of IGF-1 or IGFBP-3 . Growth hormone levels decreased in response to IGF-1/IGFBP-3 at doses of 0.5, 2, and 4 mg/ kg/day (p<0.05). No differences in insulin serum concentrations were detected at any dose. Because no differences were found in serum IGF-1 levels between doses of 1,2, or 4 mg/kg/day, these patients were grouped for further analyses.
Protein Metabolism in Response to IGF-1/IGFBP-3
Children treated with IGF-1/IGFBP-3 at 1, 2, or 4 mg/kg/day had an increase in net balance of phenylalanine across the leg with treatment versus their control period (p=0.043), which was associated with a significant increase in FSR (p=0.031) ( son could be found between periods in patients who received 0.5 mg/kg/day (0.016 ± 0.008 mmol/100 ml leg/min to 0.033 ± 0.038 mmol/100 ml leg/min for net balance; p=0.33) (4.8 ± 0.7%/day to 6.4 ± 1.5; p=0.21) (n=9). This parallels the results in IGF-1 serum concentrations with infusion of IGF-1/IGFBP-3 at 0.5 mg/kg/day. The protein-sparing effects observed in patients receiving 1, 2, and 4 mg/kg/day of IGF/IGFBP-3 were profound. The clinical relevance of the improvement in net balance is even more remarkable when we convert it into milligrams per hour of protein. The increase in net balance with treatment corresponds to an improvement of 5.9 mg of protein per hour. In a 60-kg patient with a large burn, for example, who may be treated for 10 days, this treatment would translate into 0.425 kg of additional muscle tissue 11a .
Nine children received one control study that was followed by another study without IGF-1/IGFBP-3 (control-control) in the next cycle to determine the effects of time on protein metabolism (table 2). In the control-control group, no significant differences in phenylalaline net balance (-0.015 ± 0.012 mmol/100 ml leg/min to 0.008 ± 0.015 mmol/100 ml leg/min; p=0.12) or FSR (4.4 ± 0.5%/day to 5.3 ± 0.6%/ day; p=0.13) could be found between periods in a paired one-tailed t-test analysis ( Table 2 ).
Figure 3
Phenylalanine net balance across the leg in noncatabolic and catabolic children as determined by net phenylalanine balance during the control period. Symbols represent individual patients. Significant differences were found in the change with treatment in the catabolic group only (p<0.05)
Analysis of catabolic Versus Noncatabolic Patients
Children were divided into those who were catabolic at the control period, as evidenced by a negative net phenylalanine balance (n=9), and those who were noncatabolic, shown by a zero or greater phenylalanine net balance (n=3). The phenylalanine net balance did not change in the noncatabolic group of patients who received IGF-1/IGFBP-3 (0.055 ± 0.026 mmol/100 ml leg/min for the control period and 0.030 ± 0.018 mmol/100 ml leg/min for the IGF-1/IGFBP-3 treatment period). The change in response to IGF-1/IGFBP-3 in the catabolic group, however, was significant (-0.052 ± 0.019 mmol/100 ml leg/min for the control period and 0.021 ± 0.013 mmol/100 ml leg/min for the IGF-1/IGFBP-3 treatment period ) (n=8) (p=0.03) (Fig.3 ). In addition, catabolic children who were studied twice without IGF-1/IGFBP-3 as time controls did not differ in phenylalanine net balance between periods (-0.025 ± 0.006 mmol/100 ml leg/min in the first period and 0.008 ± 0.018 mmol/ 100 ml leg/min in the second period) (n=7) (p=0.11). A demographic analysis revealed no significant differences between catabolic and noncatabolic children in either group in terms of age, burn size, or time after burn. These results indicate that treatment with IGF-1/IGFBP-3 is more effective in those who are most catabolic.
Figure 4
Glucose uptake across the leg in severely burned children after IGF-1/IGFBP-3 treatment. Circles represent means; bars represent SEM. No significant differences could be shown between control and treatment.
Effects of IGF-1/IGFBP-3 on Glucose Metabolism
Infusion of IGF-1 has previously been found to affect glucose uptake 9 . We assessed glucose metabolism in response to IGF-1/IGFBP-3 administration by examining differences in arterial and venous glucose concentrations. We found that arterial glucose concentrations were significantly decreased from control values in patients given IGF-1/IGFBP-3 at 1, 2, or 4 mg/kg/day (123 ± 7 mg/dl during control period and 112 ± 3 mg/dl; p<0.05). However, no episodes of clinical hypoglycemia were encountered at any time point throughout the study in any patient. Glucose uptake across the leg, however, was not different between test periods (0.9 ± 0.5 mg/ 100 ml leg during control period and 1.1 ± 0.3 mg/100 ml leg during treatment) ( Fig.4 ). Oxygen consumption (1635 ± 323 kcal/day during control and 1645 ± 267 kcal/day during treatment) and respiratory quotient (0.95 ± 0.03 during control and 1.01 ± 0.03) were not different between periods, indicating no significant changes in substrate utilization.
DISCUSSION
Patients with severe burns are highly catabolic with increased protein breakdown, primarily from active muscle tissue. In this study, we found that most of the severely burned children were catabolic, as evidenced by a negative net balance of phenylalanine across the leg at the time of the control study. IGF-1/IGFBP-3 treatment at 1 mg/kg/day increased serum IGF-1 and IGFBP-3 levels, with no further increases with higher doses. Treatment with IGF-1/IGFBP-3 improved protein metabolic measures, and these effects were most dramatic in those who were most catabolic. Previously, IGF-1 infused without IGFBP-3 in severely burned patients has been shown to increase glucose uptake 9 . In this study, we found that glucose uptake by the leg was not increased by IGF-1 infused with IGFBP-3, nor were there any changes in substrate utilization determined by indirect calorimetry. These results indicate relatively specific effects of IGF-1/IGFBP-3 on protein metabolism.
Sir David Cuthbertson first used pituitary extracts to increase nitrogen retention and decrease weight loss in an animal model of traumatic injury 12 , and then Wilmore in 1974 showed that human growth hormone had similar anabolic effects in patients after burn 13 . With the advent of a recombinant human growth hormone, the study of this anabolic agent has increased in an effort to modulate the postburn hypermetabolic response. Growth hormone treatment has been shown to improve leg protein metabolism 3 , accelerate donor site healing 14 , increase expression of dermal proteins in healing wounds 15 , and decrease hospital stays 16 in severely burned children. Unfortunately, treatment with growth hormone was shown to increase the mortality rate in critically ill nonburned adults 8 . On review of our population of severely burned children who received growth hormone, no increases in the mortality rate could be shown from blinded controls. Further, improvements in serum albumin concentrations and calcium metabolism were shown that were not previously detected 6 . However, given the concerns raised by the studies in critically ill adults, other agents with similar effects are being investigated.
Many of the effects of growth hormone are mediated through IGF-1 17 . Infusion of IGF-1 for 3 days produced a net anabolic effect on protein metabolism in burned patients 9 ; however, these effects were associated with episodic hypoglycemia and may be short-lived. Prolonged infusions of IGF-1 have been shown to improve muscle catabolism in other catabolic states, but the effect diminished after 9 days of treatment, possibly as a result of increased IGF-1 clearance 18 . It was postulated that other proteins required to maintain serum levels of IGF-1 were downregulated by infused IGF-1, and thus the effectiveness of IGF-1 in improving protein metabolism was diminished.
Growth hormone has been shown to stimulate both IGF-1 and the production of IGFBP-3 19 . This may explain why growth hormone is effective in protein metabolism over prolonged periods, whereas IGF-1 alone is not. Recently, recombinant IGF-1 combined with IGFBP-3 became available for clinical sttudy. This combination has been shown to maintain serum levels of IGF-1 and biologic effectiveness during prolonged infusions in normal volunteers (written communication with Celtrix Pharmaceuticals). Preliminary studies in severely burned adults have corroborated these findings 20 . The combination of IGF-1 and its principal binding protein may improve regulation of the bioavailability of IGF-1 and thus enhance modulation of its metabolic activity. In this study, IGFBP-3 levels did not decrease even though growth hormone levels were markedly diminished. With infusion of IGF-1 alone, IGFBP-3 levels would have decrease in proportion to the fall in growth hormone 18 . IGF-1 binds to both the IGF-1 receptor and the insulin receptor, which may explain the development of hypoglycemia with its use. The combination of IGF-1 and IGFBP-3 did not elicit any evidence of hypoglycemia in either normal subjects or in burned adults, perhaps through improved specificity for the IGF-1 receptor 20 . Our results indicate that the combination of IGF-1 and IGFBP-3 holds promise for improving net protein synthesis in lean body mass in severely catabolic patients, with minimal side effects.
The current study demonstrates several findings that have implications for further understanding the hypermetabolic response and the effects of IGF-1/IGFBP-3. First, we showed that most children after a severe burn of >40% TBSA are catabolic in skeletal muscle in the first weeks after injury. This has been repeatedly shown elsewhere in severely burned patients 3, 5, 13 , and demonstrates again that pharmacologic intervention during this period to attenuate catabolism is likely to show the greatest effects.
Second, we showed a critical threshold dose for anabolic therapy with IGF-1/ IGFBP-3. We showed that the pharmacokinetics of IGF-1, when given with IGFBP-3, may be governed by a ceiling effect. Specifically, there was a significant difference in the serum response between the control group and the groups given 1, 2, and 4 mg/kg/day. Interestingly, there were no incremental increases in serum IGF-1 levels between groups treated with 1, 2, and 4 mg/kg/day of IGF-1/IGFBP-3. This provides the rationale for examining the effects of IGF-1/IGFBP-3 on net balance and FSR in these groups as a whole. It also indicates that a minimum dose of 1 mg/kg/ day is necessary to achieve the desired effect, with no additional benefit from higher doses. As expected, growth hormone levels decreased with IGF-1/IGFBP-3 treatment, which is consistent with the negative feedback loop between serum IGF-1 and release of growth hormone-releasing hormone. With respect to serum levels of insulin, there was no observed difference between IGF-1/IGFBP-3-treated patients and placebo-controls. This is consistent with the finding of no documented episodes of hyperglycemia or hypoglycemia with treatment. This also eliminates the possibility that increased circulating levels of insulin were responsible for the observed anabolic effects on leg amino acid kinetics.
A third finding is that IGF-1/IGFBP-3 at a threshold dose of ≈1 mg/kg/day significantly improves protein net balance through an acceleration of muscle protein synthesis in children with severe burn injury. No improvements were seen with a dose of 0.5 mg/kg/day in children in a paired analysis, although a biologic effect of decreasing serum growth hormone concentrations was seen. Many of these patients were anabolic by our criteria, and this may be the reason for no observed effect. Further study of this dose in catabolic patients may be necessary to elucidate its effects.
Perhaps the most significant finding in this study was the difference in effect of IGF-1/IGFBP-3 in those who were catabolic and those who were not. This finding makes intuitive sense, because an anabolic agent would not be expected to induce further anabolism in a person at bed rest who is already at a zero net balance or greater. However, a person who is highly catabolic, with an efflux of amino acids from the muscle, might respond to a signal to increase net protein synthesis. IGF-1/ IGFBP-3 was effective for the entire group of severely burned patients, and it was only with post hoc analysis that this difference in patients who were catabolic and those who were not was found. Therefore, IGF-1/IGFBP-3 is effective at improving protein metabolism in the population of severely burned patients, and consideration should be given for the use of this agent in all severely burned children. However, it was most effective in those who were most catabolic. In a few instances, patients in a positive net balance actually experience a decrease in phenylalanine net balance across the leg with treatment. However, given the standard deviation, these differences were not statistically significant.
This raises the question as to whether anabolic agents might be better suited for those deemed to be catabolic by some measure other than mechanism of injury and clinical assessment. Simple methods to determine those who are truly catabolic should be explored. Perhaps the method of measuring protein balance across the leg by measuring concentrations of phenylalanine in femoral arterial and venous blood should be more routine to determine those who are catabolic and therefore would benefit most from anabolic treatment.
The effect of IGF-1/IGFBP-3 on protein net balance was significantly different in severely burned children (p=0.048), whereas no difference in protein net balance was found in the children who did not receive IGF-1/IGFBP-3 (p=0.12). Therefore,
